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Cerebelluma b s t r a c t
The neuromodulation of motor excitability has been shown to improve functional movement in people
with central nervous system damage. This study aimed to investigate the mechanism of peripheral
neuromuscular electrical stimulation (NMES) in motor excitability and its effects in people with spinoc-
erebellar ataxia (SCA). This single-blind case-control study was conducted on young control (n = 9),
age-matched control (n = 9), and SCA participants (n = 9; 7 SCAIII and 2 sporadic). All participants
received an accumulated 30 min of NMES (25 Hz, 800 ms on/800 ms off) of the median nerve. The central
motor excitability, measured by motor evoked potential (MEP) and silent period, and the peripheral
motor excitability, measured by the H-reﬂex and M-wave, were recorded in ﬂexor carpi radialis (FCR)
muscle before, during, and after the NMES was applied. The results showed that NMES signiﬁcantly
enhanced the MEP in all 3 groups. The silent period, H-reﬂex and maximum M-wave were not changed
by NMES. We conclude that NMES enhances low motor excitability in patients with SCA and that the
mechanism of the neuromodulation was supra-segmental. These ﬁndings are potentially relevant to
the utilization of NMES for preparation of motor excitability. The protocol was registered at Clinicaltri-
als.gov (NCT02103075).
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Spinocerebellar ataxia (SCA) is one of several hereditary
neurodegenerative disorders characterized by progressive loss of
coordination of gait and poor coordination of speech or eye move-
ments (Ishida et al., 2011; Jayadev and Bird, 2013; Liepert et al.,
2000a, 2004; Rossi et al., 2014). To date, no existing treatment
can cure this disease. SCA is always observed in atrophy of the cer-
ebellum, and the ataxia arises from damage to the different cere-
bellar regions (Chen et al., 2004; Ishida et al., 2011; Jayadev and
Bird, 2013; Rossi et al., 2014; Soong, 2002, 2004). The primary
neurophysiological function of the cerebellum is to maintain the
excitability of the motor cortex and its subsequent descending
tract for movement control (Di Lazzaro et al., 2002; Klein et al.,2012; Liepert et al., 1998; Meyer et al., 1994; Wessel et al.,
1996). Current evidence shows that the cortical facilitation of
motor excitability, measured by the size of the motor evoked
potential (MEP) in a reaction-time task, is signiﬁcantly less in
SCA patients compared to healthy controls (Liepert et al., 2000b,
1998; Tamburin et al., 2004). An extension of the silent period
(SP), thought to reﬂect the suppression of central excitability,
was also demonstrated in some SCA patients (Ganos et al., 2014;
Teo et al., 2008; Wessel et al., 1996). These ﬁndings suggest that
either elevation of the low excitability baseline or restoration of
the declined cortical facilitation could beneﬁt the preparation of
intentional movement in this disorder.
Adequate central motor excitability is important for movement
preparation. Studies showed that, during a reaction-time task in
healthy humans, central motor excitability increased progressively
as the onset of the movement approached (Klein et al., 2012;
Power and Copithorne, 2013). For movement preparation, the
low motor excitability in SCA was compensated via an early onset
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in SCA patients, a large proportion of intra-cortical neurons
continually struggle to activate movement against the difﬁculties
of initiation and control. Hence, the baseline elevation of central
motor excitability, such as movement preparation via neuromodu-
lation, was proposed to help SCA patients with low excitability
(Liepert et al., 2000b).
To date, there is no rehabilitation strategy that demonstrably
improves central motor excitability in ataxia patients. Neuromuscu-
lar electrical stimulation (NMES), a type of non-invasive peripheral
electrical stimulation, has been extensively used clinically for health
promotion, including incremental gains in muscle strength (Sabut
et al., 2010, 2011) and improvement of functionalmovements in cen-
tral neurological disorders (Do et al., 2012; Makowski et al., 2012;
Westerveld et al., 2012). NMES possesses the feature of easy control
of the amplitude of evoked muscle contraction and the sequential
induction of movement. Recent studies have reported that NMES
could co-modulate the excitability of both primary motor and sen-
sory cortexes in healthy humans (Schabrun et al., 2012). The tempo-
rary neuroplasticity induced by NMES for functional reorganization
has been observed to occur via motor afferents (Chang et al., 2011).
In patients with stroke, the elevation of motor excitability induced
by NMES signiﬁcantly beneﬁt limb function during rehabilitative
motor training (Takahashi et al., 2012). These evidences supported
the use of NMES on SCA patients since that SCA patients with pro-
gressively impaired motor function but preserved sensory function
potentially be able to experience improved cortical excitability using
NMES before motor performance.
The effects of NMES on central motor excitability are dependent
on its electrical characteristics. In previous studies, an increase in
MEP in healthy humans was produced by NMES with low pulse fre-
quency (10–25 Hz) and high intensity (up to and above the motor
threshold) (Chang et al., 2011; Chipchase et al., 2011; Khaslavskaia
et al., 2002; Knash et al., 2003; Ridding et al., 2000). The largest
increases in MEP were obtained by treatment durations of up to
30 min (Chang et al., 2011; Chipchase et al., 2011; Khaslavskaia
et al., 2002; Knash et al., 2003; Ridding et al., 2000). In contrast,
a decline in MEP for a short period in healthy humans was
observed at low intensity (below the motor threshold) and high
frequency (200 Hz) (Chipchase et al., 2011). Therefore, we
proposed that delivery of NMES with low pulse frequency and
above motor threshold intensity might promote the low cortical
excitability in the patients with SCA.
In summary, this is the ﬁrst study to explore the central motor
excitability modulated by peripheral NMES in patients with SCA.
The purpose of this study was to investigate if patients with SCA
can regain their central motor excitability by the neuromodulating
effect of NMES to the similar extent of healthy non-SCA subjects,
and to differentiate whether the motor excitability was coming
from the central or peripheral portion of the descending motor
pathway. Since SCA is a neurodegenerative disease and the motor
symptoms progress with aging, the neuromodulating effect of
NMES might be inﬂuenced by age. Therefore, the second purpose
was to investigate the effects of age on NMES-induced central
motor excitability. We hypothesized that a 30-min NMES program
would elevate central motor excitability in SCA patients and that
the elevation would be similar in younger and age-matched non-
SCA subjects.2. Methods
2.1. Study participants
This study had a single-blind case-control design. Nine people
with SCA (5 males and 4 females; mean ± SD age 43.7 ± 7.8 years;7 SCAIII and 2 sporadic SCA), nine age-matched controls (3 males
and 6 females; mean ± SD age 41.3 ± 4.2), and nine young controls
(4 males and 5 females; mean ± SD age 24.3 ± 2.3) were recruited
from the community. All participants with SCA had been diagnosed
by neurologists and showed observable signs including dysmetria,
intention tremor, and gait ataxia. All participants had: (a) no his-
tory of epilepsy; (b) no other neuromuscular disorder; (c) no frac-
ture within the last 6 months; (d) restricted movement in the
upper extremities; and (e) limited trembling of the hand, allowing
for the recording of electromyography (EMG). The study protocol
was approved by the Institutional Review Board in accordance
with the Helsinki Declaration. The protocol was registered at Clin-
icaltrials.gov (NCT02103075).2.2. Assessment of central motor excitability
For the assessments, the qualiﬁed participants were seated
comfortably on a chair with standard back support. No previous
studies have reported an inﬂuence of hand dominance, so it was
assumed that either arm would be acceptable for data collection.
However, to avoid the potential inﬂuence, the tested upper limb
was randomly selected. The upper limb was strapped to a
custom-designed hand force plate transducer to determine the
maximum voluntary contraction (MVC) of elbow ﬂexion.
Transcranial magnetic stimulation (TMS; Magstim 200, Mag-
stim Company Ltd, UK) was then used to assess central motor
excitability. The resting motor threshold (RMT) of the ﬂexor carpi
radialis (FCR) was quantiﬁed as the minimum intensity of TMS
required to evoke the MEP above 50 lV in amplitude in 6 out of
10 stimulations (ICC = 0.97, intra-rater reliability in pilot study).
Fifteen MEPs with 10-s intervals were evoked by TMS set to
120% of the RMT. For statistical analysis, the 10 middle MEPs were
used after the other 5, the largest 2 and the smallest 3, were dis-
carded. The SP was induced using TMS at 100% of the RMT while
the participant held a constant FCR contraction at 10% of the
MVC. The SP was deﬁned by measuring the onset time, deﬁned
as the beginning of EMG suppression, to the offset time, deﬁned
as the earliest re-emergence of background EMG (Garvey et al.,
2001; Vry et al., 2008). The onset/offset of the SP was deﬁned as
the mean plus 2 times the SD of the ﬂat portion. The SP was mea-
sured 5 times, and all 5 recordings were used for statistical
analysis.2.3. Assessment of peripheral motor excitability
Electrical stimulation (Stimulator model DS7A, Digitimer Ltd.,
England) was applied to the elbow portion of the median nerve
for peripheral motor excitability assessment (Lin et al., 2012). For
M-waves, the stimulation frequency was 1 Hz, and the intensity
was considered supra-maximal at 120% of the intensity required
for eliciting maximum M-waves. For H-reﬂex recording, the stim-
ulating frequency was 0.1 Hz, and the intensity was adjusted to
obtain the maximum H-reﬂex. The detailed protocol has been
reported previously (Chang et al., 2011). The MEP, M-waves, and
H-reﬂex were recorded by surface EMG electrodes. The surface
electromyography (EMG) of the FCR was recorded by a bipolar sur-
face electrode with a ﬁxed interelectrode distance of 2 cm (B&L
Engineering, Canada). The recording electrode was located on the
muscle belly of FCR, with the direction parallel to the muscle ﬁber.
A reference electrode was placed on the styloid process (Chang
et al., 2011; Wassermann et al., 1992). The EMG activity was on-
site pre-ampliﬁed by a factor of 350 and was further ampliﬁed at
the mainframe ampliﬁer (Gould, Inc., Valley View, OH, USA) with
an input impedance greater than 10 MX, a CMRR equal to 100 dB
at 60 Hz, and a gain range from 0.5 to 100,000 times. The signal
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(Metrabyte DAS 1600) at 4000 Hz.2.4. Neuromuscular electrical stimulation
After initial central and peripheral motor excitability assess-
ments, all participants received the 30-min NMES (Stimulator
model DS7A, Digitimer Ltd., England) on the median nerve of
the selected side as an intervention. The stimulation frequency
was 25 Hz with on/off times of 800/800 ms. The accumulated
30-min NMES was composed of 3 individual 10-min applications.
The central and peripheral motor excitability assessments were
taken every 10 min during NMES, and at 10 min and 20 min
post-NMES.2.5. Data analysis
The motor excitability at the neuron pool of the spinal cord was
calculated as the H-reﬂex amplitude divided by the maximal M-
wave amplitude and expressed as H-reﬂex/Mmax. Central motor
excitability was assessed by the MEP amplitude divided by the
maximal M-wave amplitude and expressed as MEP/Mmax. These
procedures were to eliminate the inﬂuence of neuromuscular
transmission of a motor neurons. The H-reﬂex/Mmax and MEP/
Mmax amplitudes were normalized respectively to their pre-stim-
ulus baseline values as relative H-reﬂex amplitude and relative
MEP amplitude for statistical analysis.
A two-way repeated-measures analysis of variance (ANOVA)
and a post-hoc Tukey test were used to examine the effect of the
NMES on the MEPs, H-reﬂex, maximal M-wave, and SP. The
selected a value [probability of false-positive type I error] was
set at 0.05.Young participants 
(n=9).
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Fig. 1. Flowchart of participants th3. Results
The ﬂow of assigning the participants into groups through the
stages of this study is charted in Fig. 1. None of the subjects
discontinued the intervention. The participants’ demographic char-
acteristics were summarized in Table 1.
The statistical analysis of RMT at baseline showed that there
was no signiﬁcant difference among all groups (F2,24 = 1.358,
p = 0.276) (Table 2).
The MEPs facilitated by NMES in the SCA patients had similar
trend to those of age-matched and young controls (Figs. 2 and 3).
There was no signiﬁcant interaction between group and time
(F10,115 = 0.94, p = 0.4953), indicating that the MEPs increased over
time in response toNMES in all groups. Post-hoc Tukey tests showed
that the relative MEPs increased signiﬁcantly (P < 0.05) from their
individual baseline values in all 3 groups (mean ± standard devia-
tion of young control: 129 ± 27% at the 20-min and 155 ± 29% at
the 30-min measurement; age-matched control: 125 ± 58% at the
20-min and 126 ± 57% at the 30-min measurement; and SCA:
153 ± 85% at the 20-min and 170 ± 90% at the 30-min measure-
ment; Table 2). The increase in the relative MEPs persisted up to
20 min after the stimulation ceased in all groups (F5,115 = 7.29,
p < 0.05). This indicates that peoplewith SCA can beneﬁt fromNMES
to the same extent as healthy controls and the NMES did not pro-
duce abnormal facilitation or inhibition in people with SCA.
For the SP, there was no signiﬁcant interaction between group
and time, (F10,112 = 1.11, p = 0.362). However, there was a signiﬁ-
cant group effect (F2,23 = 8.44, p < 0.05). Post-hoc Tukey tests
showed that the pre-stimulation SP was signiﬁcantly longer in
the SCA group (74.63 ± 35.01 ms) than in the age-matched
(46.19 ± 12.94 ms) and young control groups (37.38 ± 17.59 ms;
p < 0.05; Table 2 and Fig. 4). The NMES had no effect on SP over
time in any of the 3 groups (F5,112 = 1.08, p = 0.374).Excluded due to personal 
reasons (n=2)
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between the groups (F2,24 = 0.03, p = 0.97) before versus after the
NMES (F5,119 = 1.70, p = 0.140). The relative H-reﬂexes were not
signiﬁcantly different among the groups over the duration of theTable 1
Participant Information.
Young healthy
control group
Age-matched
control group
SCA group
Number 9 9 9
Sex 4 Male 5 Female 3 Male 6 Female 5 Male 4 Female
Age (years) 24.3 ± 2.3 41.3 ± 4.1 43.7 ± 7.8
Body length (cm) 167.77 ± 4.52 163.22 ± 10.32 160.11 ± 10.33
Body weight (kg) 67.88 ± 9.43 63.67 ± 10.39 55.89 ± 8.92
Years after onset 8.0 ± 3.1
7 SCAIII, 2 sporadic
Abbreviation: SCA: Spinocerebellar Ataxia.
Table 2
Effect of ES intervention on central and peripheral motor excitabilities in all groups.
Groups
Time SCA (Mean ± SD) Age-mat
RMT (% of maximum stimulator output) Pre-ES 48.33 ± 6.78 52.56 ± 5
MEP (% of Pre-ES) Pre-ES 100 100
ES-10 139.10 ± 68.87 106.41 ±
ES-20 153.27 ± 85.18* 125.11 ±
ES-30 170.42 ± 90.71* 125.64 ±
Post-10 156.01 ± 75.56* 123.42 ±
Post-20 154.75 ± 75.08* 165.40 ±
SP (ms) Pre-ES 74.63 ± 35.01# 46.19 ± 1
ES-10 73.69 ± 18.80# 54.91 ± 2
ES-20 70.81 ± 29.28# 47.46 ± 1
ES-30 85.63 ± 24.50# 44.87 ± 1
Post-10 78.63 ± 29.80# 47.11 ± 1
Post-20 83.57 ± 29.60# 55.93 ± 2
M-wave (% of Pre-ES) Pre-ES 100 100
ES-10 97.84 ± 16.65 98.35 ± 6
ES-20 93.38 ± 19.41 95.08 ± 1
ES-30 90.05 ± 15.48 97.83 ± 6
Post-10 92.54 ± 18.54 94.48 ± 3
Post-20 98.19 ± 24.13 92.37 ± 1
H-reﬂex (% of Pre-ES) Pre-ES 100 100
ES-10 86.18 ± 25.53 109.02 ±
ES-20 93.19 ± 40.30 103.13 ±
ES-30 87.21 ± 32.04 87.11 ± 3
Post-10 92.29 ± 20.61 99.52 ± 4
Post-20 86.90 ± 24.27 114.13 ±
Abbreviation: ES: peripheral electrical stimulation, RMT: Resting Motor Threshold, SCA:
Values are presented as mean ± standard deviation.
* Signiﬁcantly different from Pre-ES.
# Signiﬁcantly different from age-matched control and young control.
Fig. 2. Representative raw MEPs elicited by TMS at the experimental time points. The tra
10), 20 min after ES began (ES-20), 30 min after ES began (ES-30), 10 min after ES ended
patient (upper traces), age-matched control (middle traces), and young control participa
the MEP. The MEP started increasing at ES-20 in all groups. The MEPs were recorded wNMES (F10,113 = 1.29, p = 0.25) or between baseline and post-NMES
measurements (F5,113 = 0.18, p = 0.97; Fig. 5). The above results
suggested that the NMES did not change the peripheral motor
excitabilities, including the neuromuscular transmission of a
motor neuron and the a motor neuron pool excitability.4. Discussion
This is the ﬁrst study to explore modulation of central motor
excitability by peripheral NMES in patients with SCA. The purpose
of this study was to investigate the effect of a 30-min NMES pro-
gram on TMS-induced motor excitability in patients with SCA,
and to differentiate whether the motor excitability was coming
from the central or peripheral portion of the descending motor
pathway. The primary ﬁnding of this study is that TMS-induced
excitability of the descending pathway from the motor cortex toStatistical analysis
ched (Mean ± SD) Young control (Mean ± SD) F P
.81 51.67 ± 4.33 F2,24 = 1.358, p = 0.276
100 Group  time interaction
35.91 116.69 ± 19.51 F10,115 = 0.94 P = 0.50
57.92* 128.99 ± 26.68* Time main effect
57.25* 155.03 ± 28.95* F5,115 = 7.29 P < 0.0001*
43.20* 157.22 ± 29.77* Group main effect
57.07* 149.75 ± 29.69* F2,24 = 0.84 P = 0.45
2.94 37.38 ± 17.59 Group  time interaction
1.30 39.38 ± 16.38 F10,112 = 1.11 P = 0.36
5.79 44.21 ± 19.18 Time main effect
5.44 42.38 ± 22.32 F5,112 = 1.08 P = 0.37
2.88 44.74 ± 22.86 Group main effect
3.52 45.37 ± 19.92 F2,23 = 8.44 P = 0.0018 *
100 Group  time interaction
.55 95.55 ± 8.56 F10,119 = 0.69 P = 0.73
2.03 99.10 ± 5.77 Time main effect
.80 94.81 ± 11.41 F5,119 = 1.70 P = 0.14
.78 92.26 ± 11.78 Group main effect
1.19 93.29 ± 11.97 F2,24 = 0.03 P = 0.97
100 Group  time interaction
25.11 114.96 ± 35.62 F10,113 = 1.29 P = 0.25
35.70 110.05 ± 43.90 Time main effect
5.47 123.68 ± 53.43 F5,113 = 0.18 P = 0.97
3.36 118.39 ± 37.67 Group main effect
40.07 111.23 ± 36.84 F2,23 = 1.68 P = 0.21
Spinocerebellar Ataxia, SP: Silent Period.
ces were recorded before electrical stimulation (ES; Pre), 10 min after ES began (ES-
(Post-10), and 20 min after ES ended (Post-20). Traces are from a representative SCA
nt (lower traces). The ﬁrst spike is the stimulus artifact and the subsequent wave is
hile muscle was relaxed so that the SP is not shown in this ﬁgure.
Fig. 3. Group mean and standard errors of MEP amplitude at different time points
on NMES. Time points were deﬁned as in Fig. 2. Data were averaged across the
participants in the SCA (black circles), age-matched control (white circles) and
young healthy control (gray triangles) groups. Values are expressed as the mean
percentage of the Pre-ES value; error bars are the standard error of the mean. ⁄:
signiﬁcantly different from Pre-ES in all groups (p < 0.05). There were no signiﬁcant
differences between any two of the groups at any individual time point.
Fig. 5. Group mean and standard errors of H-reﬂex amplitude at different time
points on NMES. Time points were deﬁned as in Fig. 2. Data were averaged across
the participants in the SCA (black circles), age-matched control (white circles), and
young healthy control (gray triangles) groups. Values are expressed as the mean
percentage of the Pre-ES value; error bars are the standard error of the mean. There
were no signiﬁcant changes from baseline in any of the groups.
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patients and healthy controls. Previous studies reported that elec-
trical stimulation of the ulnar (Ridding et al., 2000), median (Chang
et al., 2011), and common peroneal nerves in healthy participants
(Khaslavskaia et al., 2002; Knash et al., 2003; Ridding et al., 2000)
increased the TMS-induced MEP once its intensity was increased
enough to produce visible muscle contractions. Consistent with
the effect of the peripheral electrical stimulation, an accumulated
30 min of NMES (25 Hz) in our study was sufﬁcient to increase this
central excitability and could promote the motor cortex plasticity
temporarily (Khaslavskaia et al., 2002; Knash et al., 2003). In con-
trast, the study by Ridding and coworkers reported that 1.5 h of
stimulation (10 Hz) was required to induce an increase in MEP
(Ridding et al., 2000). This difference might be attributable to dif-
ferent pulse frequencies (25 Hz vs. 10 Hz) and different durations
of the NMES.Fig. 4. Group mean and standard errors of SP at different time points on NMES.
Time points were deﬁned as in Fig. 2. Data were averaged across the participants in
the SCA (black circles), age-matched control (white circles) and young healthy
control (gray triangles) groups. Values are expressed as the mean percentage of the
Pre-ES value; error bars are the standard error of the mean. ⁄: signiﬁcantly different
from age-matched and young control groups (p < 0.05).The increase of the MEP on the cortico-spinal pathway in SCA
has demonstrated an effect of NMES on the central motor nerve
but not the peripheral one. The evidence for this is that the H-
reﬂex, responsible for peripheral motor excitability, did not change
signiﬁcantly after NMES. Moreover, previous studies have reported
that the H-reﬂex (Chang et al., 2011) and F-waves (Ridding et al.,
2000) did not change after electrical stimulation. These ﬁndings
excluded the possibility that the increase in motor excitability
came from the peripheral nerve at the spinal cord level, including
the a motor neurons, neuromuscular junction, and muscle ﬁber.
Another study has also shown that the increase in the MEP in
healthy humans was not the result of stimulus-induced increases
in the excitability of spinal motor neurons (Ridding et al., 2000).
Therefore, the increase in motor excitability in SCA patients occurs
mainly in the upper motor neurons of the descending pathway.
In our study the MEP increase after NMES produced a prolonged
and augmented potentiation in the descending central motor path-
way. It seems obviously helpful to apply NMES, an inexpensive
intervention of physical modality. In this study, peripheral NMES
facilitated the excitability of the descending pathway of the motor
cortex up to 20 min after stimulation in either healthy controls or
SCA patients. In contrast, non-invasive, repetitive TMS at a fre-
quency greater than 5 Hz was found to facilitate cortical excitabil-
ity for only 6 min in healthy humans (Gorsler et al., 2003). In
another study, a burst of TMS also produced a facilitation of motor
cortex excitability for up to 20 min in healthy humans (Di Lazzaro
et al., 2002). Using TMS, the facilitation of MEP was relevant to syn-
aptic plasticity via the NMDA receptor (Huang et al., 2007) and
mainly in the modulation of I waves (Di Lazzaro et al., 2010). This
suggests that the motor excitability in SCA patients might be
increased via the NMDA receptor. However, this issue should be
clariﬁed by further investigation.
There is little known about the underlying mechanism of the
effect of NMES on central excitability in the motor cortex of SCA
patients. It is anatomically possible that the afferents affected by
NMES travel cranially to higher neurological levels via either the
spino-thalamic tracts or spino-cerebellar tracts (Tortora, 2009).
The sensory inputs created by cutaneous stimulation using NMES
could be conducted via spino-thalamic tracts to the sensory cortex
with relay through the thalamus. On the other hand, the muscular
and joint afferents stimulated by NMES could be conducted via
anterior or posterior spino-cerebellar tracts to the cerebellum for
148 C.-C. Chen et al. / Journal of Electromyography and Kinesiology 25 (2015) 143–150the afferent of sensory information. The cerebellum would then
send out the feedback to upper motor neurons in the cerebral
cortex via the cerebellothalamocortical tract, which responds to
contralateral cortical inhibition (Argyelan et al., 2009; Molnar
et al., 2004; Ni et al., 2010). A recent study found that peripheral
electrical stimulation could co-modulate the excitability of
primary sensory and motor cortexes in healthy humans
(Schabrun et al., 2012). This study supports the claim that periph-
eral electrical stimulation is relayed to the primary sensory cortex
via thalamo-cortical projections, activating or inducing a change in
sensory processing, and this provides the signal for long term
potentiation or depression-like changes in the primary motor cor-
tex. In contrast, our study found that excitability in the descending
neuro-pathway in both SCA patients and healthy controls is facili-
tated by NMES. Whether those tracts were activated or not, it is
clear that the resting excitability of the central motor descending
pathway was increased after NMES, and those tracts were certainly
involved in the effect.
The standard deviation of SCA group seemed to be larger than
the other two groups although the statistical analysis did not show
differences. After closely checked the individuals’ data, we found
few subjects in SCA group have stronger MEP facilitation than oth-
ers. Whether the variation of facilitation is from difference of
genetic types of disease or other factors cannot be explained in
the current study design. Future studies are suggested.
In this study, the SCA group showed signiﬁcantly longer SPs
than the healthy controls. A prolonged SP has been observed previ-
ously in patients with degenerative cerebellar ataxia disease
(Liepert et al., 1998; Nakashima et al., 1995; Oechsner and
Zangemeister, 1999; Restivo et al., 2002; Schwenkreis et al.,
2002; Wessel et al., 1996). The lengthening of the SP might not
be a common phenomenon in all sub-types of SCA due to the
genetic heterogeneity (Liepert et al., 1998; Nakashima et al.,
1995; Oechsner and Zangemeister, 1999; Restivo et al., 2002;
Schwenkreis et al., 2002; Wessel et al., 1996). The assessment
method, such as the TMS intensity and deﬁnition of SP, could also
affect the values of this parameter. A high amplitude of the MEP
tended to increase the duration of the SP (Orth and Rothwell,
2004; Saisanen et al., 2008; Trompetto et al., 2001). This made
the absolute duration of the SP incomparable to its value in the
studies using a higher TMS intensity (Liepert et al., 1998;
Nakashima et al., 1995; Wessel et al., 1996). Furthermore, the
onset of the SP was deﬁned inconsistently in these studies, some-
times as beginning at the stimulation artifact (Cantello et al., 2007),
sometimes at the onset of the MEP (Restivo et al., 2002), and others
at the onset of EMG suppression. Likely, the average duration of the
SP in our healthy controls was comparable to the studies that used
a relatively low TMS-induced intensity with the SP measured from
the onset of EMG suppression (Garvey et al., 2001; Ridding et al.,
1995; Vry et al., 2008).
The effect of age on the potential evoked by peripheral NMES
has not been investigated in previous studies. The current study
found no age effect, indicating that the MEP evoked at 120% inten-
sity of RMT recorded on ﬂexor carpi radialis could be increased by
NMES in participants of any age group. Previous studies reported
no age effect on RMT for extensor and ﬂexor carpi radialis
(Kossev et al., 2002), ﬁrst dorsal interosseous (Mills and Nithi,
1997), and thenar muscles (Rossini et al., 1992). A positive correla-
tion between age and RMT has been reported, however, for the
abductor pollicis brevis muscle (Matsunaga et al., 1998). Our study
found that RMT recorded on the ﬂexor carpi radialis was similar in
either the age-matched or young healthy control groups. This sug-
gested that there was no age effect on either the RMT or the MEP of
the ﬂexor carpi radialis.
This study successfully demonstrate that peripheral NMES, a
clinically available tool, has ability to facilitate the upper motorneurons and the facilitation would not be diminished in people
with degenerated cerebellar ataxia disease. It, thus, suggests that
clinicians can potentially use NMES to prepare the motor cortex
excitability for the subsequent motor rehabilitation. The dose
and combining effect of NMES and motor rehabilitation are
suggested to explore in future studies.
4.1. Study limitations
This study may not be generalizable to all subtypes of SCA due
to the small sample size and the predominant inclusion of patients
with SCAIII. In addition, while the NMES parameters used here
were effective, the dependence of the results on the dosage needed
to be further veriﬁed.
5. Conclusion
The low motor cortex excitability of individuals with SCAIII and
sporadic SCA can be enhanced after a 30-min repetitive peripheral
NMES to the same extent as in healthy controls. This indicates that
people with SCA can beneﬁt from NMES to the same extent as
health controls. NMES, a clinically convenient and widely available
intervention, is suggested to be a clinical option to modulate the
cortical excitability in speciﬁc SCA patients. These ﬁndings are
potentially relevant for the utilization of NMES in preparation of
central motor excitability for motor rehabilitation in cerebellum-
related disorders.
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